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We have altered the superconductivity of a suspended rope of single walled carbon nanotubes,
by coating it with organic polymers. Upon coating, the normal state resistance of the rope changes
by less than 20 percent. But superconductivity, which on the bare rope shows up as a substantial
resistance decrease below 300 mK, is gradualy suppressed. We correlate this to the suppression
of radial breathing modes, measured with Raman Spectroscopy on suspended Single and Double-
walled carbon nanotubes. This points to the breathing phonon modes as being responsible for
superconductivity in carbon nanotubes.
PACS numbers:
Carbon nanotubes have been heralded as model sys-
tems to explore one dimensionnal (1D) conductors, in
which electron-electron interactions lead to a non con-
ventional ground state, the Luttinger liquid [1]. In par-
ticular, the single particle density of states is depressed
at low energy, with a power law whose exponent depends
on the interaction strength. The experimental obser-
vation of the power law suppression of the tunnel con-
ductance at low energy was therefore interpreted as a
proof of this ground state and of the strength of repul-
sive electron electron interactions in Single Walled Car-
bon Nanotubes (SWNT). The discovery of superconduc-
tivity in suspended individual ropes of SWNT therefore
came as a big surprise [2, 3]. As for the case of met-
allofullerene molecules [6], the question of which phonon
modes give rise to the attractive interaction leading to
superconductivity is still unsettled. Whereas Se´de´ki et
al. [10] and Gonzalez [11, 12] consider the coupling to
optical phonon modes, De Martino and Egger [13, 14]
conjecture that attractive interactions can be mediated
by low energy phonon modes, and specifically the radial
breathing modes (RBM), which are the compression and
dilatation modes of carbon nanotubes. They find that
the attractive interaction may be strong enough to over-
come the repulsive interactions in SWNT, especially in
ropes of SWNT where the Coulomb interaction can be
screened because the SWNT are packed so closely to-
gether. Their theory [14] also could reproduce the tem-
perature dependence of the superconducting transition
observed in ropes.
To experimentally test the role played by the phonon
modes on superconductivity, we have gradually coated
a suspended rope of SWNT with organic material. We
show that superconductivity is gradually destroyed. Par-
allel Raman experiments show that the radial breathing
modes are affected by coating, thereby hinting to these
modes as playing a major role in the superconductivity
of carbon nanotubes. The experiments described here-
after also help define the criteria required to observe a
superconducting transition in carbon naotubes.
The sample whose superconductivity we have altered
is a rope containing roughly 40 SWNT, as determined
from its diameter (10 nm) measured in a Transmission
Electron Microscope. This rope is produced by the arc
discharge method followed by purification [15, 16]. The
rope is suspended across a 1 µm wide slit etched in a sus-
pended silicon nitride membrane, and well connected to
non superconducting (normal) electrodes via the nanosol-
dering technique [3]. The electrodes are a trilayer of 5 nm
Al203, 3 nm Pt, and 200 nm Au deposited in this order
on the membrane. The superconducting transition of the
uncoated rope was reported in [3], and is plotted as curve
(a) in Fig. 1. The rope’s resistance decreases from 600 Ω
above 120 mK to 150 Ω at 25 mK. This transition is
weakened in a magnetic field, and suppressed above a
field of 0.6 T.
2The sample was then modified in successive steps. We
first (stage b) coated it at room temperature with a
drop of benzenedithiol. In step c, we coated the rope
with Poly(methyl methacrylate) (PMMA). In step d even
more PMMA was added, so that the entire slit was cov-
ered with PMMA. The trend upon successive coatings,
presented in Fig. 1, is to have a modified normal state
(high temperature) resistance, which varies between 550
and 750 Ω, and a superconducting transition which weak-
ens as the nanotube rope is coated. The transition tem-
perature T*, defined as the temperature at which the
resistance starts to decrease, which would be the tran-
sition temperature of a (hypothetical) corresponding 3D
superconductor, shifts from 120 mK to 60 mK in curves
a to c. In curve d, the coating is so important that no
transition is visible down to less than 15 mK. The resis-
tance even increases by 0.5 % between 200 mK and 16
mK.
As discussed in previous papers ([2, 3]), the lowest re-
sistance state is not a zero resistance state for two rea-
sons. First, a contact or Landauer resistance of at least
RQ = h/(2e
2) = 12.9 kΩ always exists between a con-
duction channel and a normal reservoir, so that for this
rope of N=40 nanotubes each containing two conduction
channels, the smallest contact resistance in the supercon-
ducting state would be RQ/(2N) = 160 Ω, and not zero
(see [7] for a recent experimental confirmation of the con-
tact resistance in a NSN structure). Second, quantum
phase slips should also be present at low temperature,
contributing an additional resistance [8].
The gradual weakening of the rope’s superconductiv-
ity is even more clearly seen in the differential resistance
curves plotted in Fig. 2. The differential resistance of the
uncoated rope (curve a) is typical of a 1D superconductor
[9](a wire in which the superconducting coherence length
is larger than the diameter): the differential resistance is
smallest at zero current bias, and increases with jumps
and peaks typical of phase slips as the current through
the rope is increased. At high current bias, the normal
state resistance is recovered. We define a critical current
Ic as the current above which the differential resistance
jumps from a low value to a high value (in analogy to the
bulk critical current, at which the differential resistance
jumps from zero to finite resistance). We also define Ic
∗
as the current of the last resistance peak, above which all
traces of superconductivity disappear. As shown on the
example of curve b, the dV/dI(I) curves are hysteretic,
and we take the largest values to be the switching val-
ues. They are given in the table for successive coatings,
and are seen to decrease as the rope is coated with an
increasing amount of organic material.
The resistance variations with magnetic field are shown
in Fig. 3. No qualitative difference is noticeable between
curves a, b and c, which show a large (more than 50 %)
positive magnetoresistance (the resistance increases as
the magnetic field destroys superconductivity). The am-
plitude of this magnetoresistance decreases as the tem-
perature is increased, but persists up to 1 K, which is
nearly 10 T ∗. The critical field, above which the dif-
ferential resistances do not show a dip at low current,
is 0.6 T. Interestingly, a small (0.5 %) positive magne-
toresistance is visible at stage d, where no other trace of
superconductivity is measureable, and has an amplitude
similar to the magnetoresistance of stage b at 1 K, as
shown in the inset of Fig 3. Superconducting fluctua-
tions over such broad temperature ranges are typical of
low dimensional superconductivity.
We now show how the disappearance of superconduc-
tivity can be correlated to the blocking of the RBM of
suspended carbon nanotubes upon coating with organic
material, as investigated with Raman spectroscopy. The
nanotubes grown for this purpose were synthesized by
chemical vapor deposition (CVD) in methane and hy-
drogen, with the assistance of a hot (2000 ◦ C) tungsten
filament placed 1 cm away from the substrate [17], which
also was a suspended silicon nitride membrane with a
slit. A thin Co layer served as the catalyst. The sub-
strate temperature was about 800 ◦ C during synthesis.
Fig. 4 shows a Field Emission Scanning Electron Micro-
graph of carbon nanotubes grown in this manner. It is
typical that thinner ropes grow straighter than thicker
ropes. The Transmission electron microscopy and Ra-
man spectroscopy we have performed show that the nan-
otubes are single- and double- walled carbon nanotubes
(mostly SWNT), sometimes assembled in small ropes.
Resonant Raman measurements are performed using the
1.96 eV radiation of a 633 nm He-Ne laser with a 1 µm2
spot size, so that only a few suspended tubes are in res-
onance with the laser. Typical Raman spectra contain
RBM in the 100-260 cm−1 wavelength range (12.5 to
32.4 meV, which, given the theoretical law of 27.8/d meV
[19], where d is the SWNT diameter in nm, corresponds
to diameters between 0.9 and 2.2 nm), and tangential
modes around 1560-1600 cm−1. The low Raman sig-
nal intensity, along with the observation of one or two
RBM point to the presence of small ropes or single iso-
lated tubes [18]. We attribute the strong intensity of the
RBM (relative to the intensity of the tangential modes)
R1K T* Ic Ic
∗
R4aPtAu 627 Ω 120 mK 28 nA 58 nA
R4bPtAu 564 Ω 80 mK 19 nA 32 nA
R4cPtAu 763 Ω 60 mK *** 24 nA
R4dPtAu 767 Ω < 15 mK 0 nA 0 nA
TABLE I: Rope characteristics at different modification
stages. The rope contains roughly 40 nanotubes, is 1 µm
long. a: before coating, as reported in ref [3]; b: After coat-
ing with benzenedithiol; c: after further coating with PMMA;
d: Additional PMMA. Ic and Ic
∗ are the currents at which
the first and last differential resistance jumps occur.
3to the fact that the tubes are suspended, and therefore
do not interact through Van der Waals interaction with
the substrate [20]. Also, the low intensity of the band at
1320 cm−1 which characterizes structural disorder sug-
gests that these tubes are relatively defect free. In Fig. 4,
we follow the evolution of the phonon modes with coating
by comparing Raman spectra which have a same RBM
frequency, before (a) and after (b) PMMA deposition,
and after removal of PMMA in acetone (c). Although
these spectra do not correspond to the very same tubes,
because of the absence of precise sample repositioning,
the tubes are nonetheless of roughly the same diameter,
since we the RBM have the same frequency. The 218
cm−1 frequency of Fig. 4 is typical of Raman resonant
RBM mode of metallic tubes [21]. The broad and asym-
metric tangential band around 1530 cm−1 is the signa-
ture of the Breit Wigner Fano electron-phonon intertube
interaction specific to metallic nanotubes [22], while the
sharper peak at 1590 cm−1 is typical of tangential modes.
With coating an overall decrease of the Raman intensity
is observed, and the RBM intensity is much smaller than
the intensity of the tangential mode. After removal of the
PMMA with acetone, the intensity of the metallic RBM
is clearly recovered, as is the broadened tangential mode.
The spectra and ratios shown in the figure are typical of
what we find in many measurements on this sample and
others.
This experiment shows that coating tubes with PMMA
suppresses its RBM. The fact that the RBM Raman sig-
nal is much larger for suspended tubes than for tubes on a
substrate, has also been observed in recent Scanning Tun-
neling Microscopy experiments on suspended nanotubes
[23]. The authors found spectroscopic signature of the
RBM modes only on the suspended portions of the tubes,
and not on the contact regions.
In the transport experiment on the rope containing 40
tubes, it is therefore likely that the RBM of the tubes on
the surface of the rope are suppressed because they are
coated by PMMA. There are 20 such outer tubes. The
other 20 tubes are inside the rope and are therefore not
coated by PMMA. It is however likely that the RBM of
those inner tubes should also be suppressed at low tem-
perature, for a different reason: the large (ǫ = 1 %) ther-
mal contraction of PMMA between room temperature
and low temperature imposes a large pressure on the nan-
otube rope. Given a Young modulous E of 3× 109N/m2
in plexiglass, the tubes within the rope experience a pres-
sure larger than P = EǫD/d, with D the diameter of the
PMMA coating layer and d = 10 nm the rope diame-
ter. For a capping layer roughly 1 µm thick, we estimate
P ≈3 GPa. Merlen et al. have found that the Raman
intensity of the RBM of SWNT under isostatic pressure
at room temperature is weakened above 1 GPa, divided
by two at 10 GPa, and by ten at 12 GPa [24], so that it
is reasonable to assume that the RBM of the inner tubes
are suppressed as well at low temperature.
Interestingly, although the RBM are clearly suppressed
in the coated rope, it seems as though the twiston modes
are not affected. Twistons, the long-wavelength torsional
modes of nanotubes, are known to backscatter electrons
efficiently, as demonstrated by a measurable linear tem-
perature dependence down to 100-10 K, below which a
resistance increase takes place [25]. As shown in Fig. 1,
before coating and after complete coating, the resistance
decrease and upturn with decreasing temperature seem
similar, suggesting that the twiston modes are not mod-
ified by coating. A qualitative picture is thus that the
micron thick PMMA layer around the ropes induces a
strong radial pressure at low temperature but barely a
longitudinal pressure. Therefore the longitudinal modes
(stretching modes) are not affected by coating whereas
the radial breathing modes are. Twistons, a combination
of both, are affected to a lesser extent. More generally,
it is expected that optical modes should be much less
affected by coating than acoustic modes. This experi-
ment therefore seems to confirm the theoretical picture
put forth in [13] that the RBM more than the longitudi-
nal modes cause superconductivity. As conjectured, the
twiston modes backscatter electrons efficiently but do not
participate in the phonon-induced forward scattering of
electrons responsible for the attractive interaction.
We argue that the progressive destruction of super-
conductivity is not due to an increase of disorder in the
sample, for two reasons. The first is the small relative
resistance change (less than 1 %) between stage c and d,
which shows that disorder is not qualitatively different.
The destruction of superconductivity in stage d is there-
fore caused by some other mechanism. For the same
reason, the destruction of superconductivity cannot be
attributed to a pressure-induced modification of the nan-
otubes’ band structures, turning metallic tubes into semi-
conducting ones, for this would change by a large amount
the sample resistance. The second fact pointing to small
disorder in the rope is the very low shot noise that we
have measured in this rope at 1 K at stage c: The shot
noise power was SI = 2eI/120, much less than the shot
noise power SI = 2eI/3 expected for a coherent diffu-
sive sample [26]. Such a large reduction of the shot noise
power could be the sign that transport through the rope
is almost ballistic [27].
We have shown that the suspended character of nan-
otubes is a crucial condition to observe superconductiv-
ity. Coating the nanotubes suppresses the radial breath-
ing modes, suggesting that these phonon modes play a
role in the superconductivity of carbon nanotubes. The
experiments conducted down to low temperature to this
day outline the stringent requirements to observe super-
conductivity: Nanotubes should not be coated by poly-
mers, and not in contact with a substrate. They should
be long enough in order to avoid the inverse proximity
effect, which causes the proximity to normal contacts to
destroy the superconductivity in the rope. Finally, there
4should be efficient screening of the repulsive interaction
in nanotubes, so that superconductivity should develop
most in tubes that are assembled in a rope.
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FIG. 1: Temperature dependence of the resistance below 400
mK of the 10 nm wide, 1 µm-long rope containing 40 SWNT.
a) Before coating. b) After benzene-dithiol deposition. c)
After additional coating with PMMA. d) After completely
covering the rope and the slit with PMMA. Lines are guides
to the eyes. Curve d is the recorded differential resistance at
zero current as the sample is heated. Curves a, b and c are
constructed by extracting the differential conductance at zero
current from a dV/dI Vs I curve, at different temperatures.
This ensures a stable temperature of the sample, which, for
reasons which may have to do with the low heat conduction of
small superconducting samples, was slow in reaching thermal
equilibrium. Inset: Comparison at higher temperature. The
upturn in resistance around 10 K is the signature of twiston
modes characteristic of well ordered carbon nanotube ropes.
Both curves, before and after complete coating are similar,
except for the unstable resistance in stage d above 10 K.
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FIG. 2: Differential resistance of the nanotube rope at stages a
through d. Curve a was taken at 28 mK with an ac excitation
of 1 nA, curve b at 14 mK with iac=0.1 nA, curve c at 15 mK
with iac=0.1 nA, and curve d at 15 mK with iac=1 nA. Both
the up (dashed) and down current sweep directions are plotted
for curve b, illustrating the asymmetry of these current-biased
curves.
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FIG. 3: Magnetoresistance of the sample at the different coat-
ing stages. A large positive magnetoresistance is seen at low
temperature for stages a,b and c. At stage d the magnetore-
sistance is still positive, but small (0.1 %), identical to the
magnetoresistance of stage c at 1 K. Left resistance scale:
Samples a, b, and c at low temperature. Right resistance
scale is relative to sample d that shows a very small positive
magnetoresistance. The line is a guide to the eye.
6FIG. 4: Influence of PMMA on the Raman spectra of sus-
pended SWNTs. Raman spectra obtained at room tempera-
ture with a He-Ne laser radiation (1.96 eV). The laser probe
area is roughly 1 µm2. From top to bottom: (a) Raman
spectra before deposition, (b) after deposition, and (c) after
removal of PMMA in acetone. RBM , D, and T respectively
stand for Radial Breathing Mode, disordered graphite mode,
tangential modes. Inset: SEM micrograph of a typical sample
of CVD-grown tubes.
